Wolpaw JR. The inferior olive is essential for long-term maintenance of a simple motor skill. J Neurophysiol 116: 1946 -1955 , 2016 . First published August 17, 2016 doi:10.1152/jn.00085.2016.-The inferior olive (IO) is essential for operant down-conditioning of the rat soleus H-reflex, a simple motor skill. To evaluate the role of the IO in long-term maintenance of this skill, the H-reflex was down-conditioned over 50 days, the IO was chemically ablated, and down-conditioning continued for up to 102 more days. H-reflex size just before IO ablation averaged 62(Ϯ2 SE)% of its initial value (P Ͻ 0.001 vs. initial). After IO ablation, H-reflex size rose to 75-80% over ϳ10 days, remained there for ϳ30 days, rose over 10 days to above its initial value, and averaged 140(Ϯ14)% for the final 10 days of study (P Ͻ 0.01 vs. initial). This two-stage loss of down-conditioning maintenance correlated with IO neuronal loss (r ϭ 0.75, P Ͻ 0.01) and was similar to the loss of down-conditioning that follows ablation of the cerebellar output nuclei dentate and interpositus. In control (i.e., unconditioned) rats, IO ablation has no long-term effect on H-reflex size. These results indicate that the IO is essential for long-term maintenance of a down-conditioned H-reflex. With previous data, they support the hypothesis that IO and cortical inputs to cerebellum combine to produce cerebellar plasticity that produces sensorimotor cortex plasticity that produces spinal cord plasticity that produces the smaller H-reflex. H-reflex down-conditioning appears to depend on a hierarchy of plasticity that may be guided by the IO and begin in the cerebellum. Similar hierarchies may underlie other motor learning. operant conditioning; spinal cord; H-reflex; plasticity; sensorimotor cortex; cerebellum; memory; learning MOTOR LEARNING DEPENDS on plasticity from the cortex to the spinal cord (e.g., Carrier et al. 1997; Lieb and Frost 1997; Longley and Yeo 2014; Wolpaw and Lee 1989 ). An operantly conditioned change in the size of the H-reflex [an electrical analog of the spinal stretch reflex (e.g., the knee-jerk reflex)] is a simple motor skill (i.e., an adaptive behavior acquired through practice) that provides an excellent opportunity for determining how changes at multiple sites combine to account for the acquisition and maintenance of a new behavior. This skill involves plasticity in both the brain and the spinal cord (see for review Thompson and Wolpaw 2014; Wolpaw 2010; Wolpaw and Chen 2009) . The fact that the brain and spinal cord are connected by well-defined and accessible pathways makes it possible to study how spinal and supraspinal plasticity interact to acquire and maintain a smaller (i.e., down-conditioned) or larger (i.e., up-conditioned) H-reflex.
NEW & NOTEWORTHY

This study shows that the inferior olive (IO) is essential for maintaining a down-conditioned H-reflex in rats. It supports the hypothesis that IO and cortical inputs to cerebellum combine to produce cerebellar plasticity that produces cortical plasticity that produces spinal cord plasticity that reduces the H-reflex. This simple motor skill appears to depend on a hierarchy of plasticity that is guided by the IO and begins in the cerebellum. Comparable hierarchies might underlie other skills.
MOTOR LEARNING DEPENDS on plasticity from the cortex to the spinal cord (e.g., Carrier et al. 1997; Lieb and Frost 1997; Longley and Yeo 2014; Wolpaw and Lee 1989 ). An operantly conditioned change in the size of the H-reflex [an electrical analog of the spinal stretch reflex (e.g., the knee-jerk reflex)] is a simple motor skill (i.e., an adaptive behavior acquired through practice) that provides an excellent opportunity for determining how changes at multiple sites combine to account for the acquisition and maintenance of a new behavior. This skill involves plasticity in both the brain and the spinal cord (see for review Thompson and Wolpaw 2014; Wolpaw 2010; Wolpaw and Chen 2009 ). The fact that the brain and spinal cord are connected by well-defined and accessible pathways makes it possible to study how spinal and supraspinal plasticity interact to acquire and maintain a smaller (i.e., down-conditioned) or larger (i.e., up-conditioned) H-reflex.
Previous studies show that the corticospinal tract (CST), cerebellar output to cortex, and the inferior olive (IO) are essential for acquisition of the spinal cord plasticity that is directly responsible for a down-conditioned H-reflex; other major descending and ascending tracts are not needed (Chen et al. 2016; Chen and Wolpaw 1997 , 2005 Wolpaw and Chen 2006) . Furthermore, in rats that have already been downconditioned, the H-reflex decrease disappears 5-10 days after CST transection vs. 40 -50 days after ablation of the cerebellar output nuclei dentate and interpositus (DIN) Wolpaw and Chen 2006) . The difference in timing between the effects of CST and DIN lesions suggests that this simple skill depends on a hierarchy in which cerebral cortical plasticity that depends on the cerebellum guides and maintains the plasticity in the spinal cord that accounts for the smaller H-reflex .
The present study was motivated by these maintenance results and by current ideas as to the role of the cerebellum and IO in other simple motor skills (Boyden et al. 2004; Cheron et al. 2013; Freeman and Steinmetz 2011; Longley and Yeo 2014; Martin et al. 1996; Thompson 2005) . It evaluated the role of the IO in the long-term maintenance of a downconditioned H-reflex. Normal rats were down-conditioned over 50 days, the IO was ablated, and down-conditioning continued for up to 102 more days. The results extend previous findings and provide important new insight into the multisite plasticity that underlies this simple motor skill.
METHODS
The subjects were 14 young adult male Sprague-Dawley rats weighing 332(Ϯ42 SD) g (range 284 -419 g) at the beginning of study. All procedures satisfied the Guide for the Care and Use of Laboratory Animals (National Academies Press, 2011) and had been approved by the Institutional Animal Care and Use Committee of the Wadsworth Center. The protocols for implantation of the nervestimulating cuff and EMG recording electrodes, M-response and H-reflex elicitation, H-reflex conditioning, data collection and analysis in freely moving rats, IO ablation, and histological evaluation have been fully described previously (Chen et al. 2016; Chen and Wolpaw 1995 , 2005 Wolpaw and Chen 2006; Wolpaw and Herchenroder 1990) . They are summarized here.
Electrode implantation. Each rat was deeply anesthetized and implanted with chronic stimulating and recording electrodes in the right hindlimb. To record soleus EMG activity, a pair of fine-wire electrodes was placed in the right soleus muscle. To elicit the soleus H-reflex, a nerve-stimulating cuff was placed on the right posterior tibial nerve just above the triceps surae branches. The Teflon-coated wires from the electrodes passed subcutaneously to a connector plug on the skull. Immediately after surgery, the rat was placed under a heating lamp and given an analgesic (Demerol, 0.2 mg im). Once awake, it received a second dose of analgesic and was returned to its cage. Rats recovered quickly and resumed their normal activity within 1-3 h.
H-reflex conditioning protocol and experimental design. Data collection began at least 20 days after electrode implantation and continued 24 h/day, 7 days/wk for up to 170 days (Fig. 1A) . During this period, the rat lived in a standard rat cage with a 40-cm flexible cable attached to the skull plug. The cable allowed the animal to move freely about the cage; it carried the wires from the electrodes to a commutator above the cage that connected to an EMG amplifier (gain 1,000, bandwidth 100-1,000 Hz) and a nerve-cuff stimulation unit. The rat had free access to water and food, except that during H-reflex conditioning it received food mainly by performing the task described below. Animal well-being was carefully checked several times each day, and body weight was measured weekly. Laboratory lights were dimmed from 2100 to 0600 daily.
Stimulus delivery and data collection were under the control of a computer, which monitored soleus EMG activity (sampled at 5,000 Hz) continuously throughout data collection. The soleus H-reflex was elicited as follows. Whenever the absolute value of background (i.e., ongoing) soleus EMG activity remained within a predefined range Fig. 1 . A: Research design. At least 20 days after implantation surgery, rats were exposed to the control mode for 20 days and then to the H-reflex down-conditioning mode for 50 days. The inferior olive (IO) was then ablated. After the ablation, exposure to the down-conditioning mode continued for 56 -102 more days. The last 10 control-mode days, the 10 down-conditioning days just before IO ablation (i.e., days 41-50 of conditioning), and the last 10 days of continued down-conditioning after IO ablation (heavy horizontal lines) provided the data used to assess the effect of down-conditioning on the soleus H-reflex and the final impact of IO ablation on the maintenance of soleus H-reflex down-conditioning. B: IO ablation. Cresyl-violet stained photomicrographs showing the IO nucleus complex and IO neurons in a naive control (NC) rat (B1 and B3) and in an IO-ablated rat (IO rat; B2 and B4) . (B3 and B4 show the areas outlined in B1 and B2, respectively.) DAO, dorsal accessory olive; DM, dorsomedial group; MAO, medial accessory olive; PO, principal olive. Scale bars: 400 m in B1 and B2, 40 m in B3 and B4. The loss of most IO neurons in the IO-ablated rat is evident. C: VGLUT2 immunoreactivity (VGLUT2-IR) in cerebellar cortex. C1 and C2: photomicrographs of VGLUT2-IR-labeled cerebellar sections showing VGLUT2-IR labeling in cerebellar cortex from a NC rat (C1) and an IO rat (C2). The molecular (M), Purkinje (P), and granular (G) layers are indicated. VGLUT2-IR in the molecular layer is much weaker in the IO rat (C2). Scale bar: 100 m. C3: correlation in IO rats between cerebellar VGLUT2-IR intensity in the molecular layer and remaining IO neurons (in % of NC neuron number). The strong correlation (r ϭ 0.80, P Ͻ 0.01) is consistent with the fact that VGLUT2-IR labeling in the molecular layer is selective for excitatory olivocerebellar climbing fiber terminals on Purkinje cell dendrites (Fremeau et al. 2001; Kaneko et al. 2002) .
[typically 1-2% of maximum M-response (i.e., direct muscle response)] for a randomly varying 2.3-to 2.7-s period, the computer stored the most recent 50 ms of EMG activity (i.e., the background EMG interval), delivered a monophasic stimulus pulse through the nerve cuff, and stored the EMG activity for another 100 ms. In the course of its normal activity, the rat typically provided 2,500 -7,000 H-reflexes per day.
Stimulus pulse amplitude and duration were initially set to produce a maximum H-reflex and an M-response that was typically just above threshold. After each trial, pulse amplitude was automatically adjusted to maintain the average absolute value of EMG activity in the M-response interval (typically 2.0 -4.5 ms) unchanged throughout data collection. Thus, throughout the entire period of data collection, both the background EMG activity (reflecting soleus motoneuron tone at the time of H-reflex elicitation) and the M-response (reflecting the effective strength of the nerve cuff stimulus) remained stable.
M-response size was defined as the average absolute value of EMG activity in the M-response interval minus the average absolute value of background EMG activity. H-reflex size was defined as the average absolute value of EMG activity in the H-reflex interval (typically 6 -10 ms after stimulus) minus the average absolute value of background EMG activity and was expressed in units of average background EMG activity (Chen and Wolpaw 1995) .
Under the control mode (first 20 days), the computer simply digitized and stored the absolute value of the peristimulus EMG activity. Under the down-conditioning mode, it also gave a food-pellet reward 200 ms after nerve stimulation if the average absolute value of soleus EMG activity in the H-reflex interval was below a criterion value. The criterion value was set and adjusted as needed each day so that the rat received an adequate amount of food (e.g., ϳ800 reward pellets/day for a 450-g rat). Each rat's number of trials/day, background EMG activity, and M-response size remained stable throughout data collection. Figure 1A shows the experimental schedule. At least 20 days after electrode implantation, each of 14 rats was exposed to the control mode for 20 days and then to the down-conditioning mode for 50 days. In 12 of the 14 rats down-conditioning was successful [i.e., the H-reflex for days 41-50 of down-conditioning was Յ80% of its initial value (Chen et al. 2006b; Chen and Wolpaw 1995) ]. In the other two rats the H-reflex remained within 20% of its initial value [i.e., down-conditioning failed (Chen and Wolpaw 1995; Wolpaw et al. 1993) ], and they were not studied further. In the 12 rats in which down-conditioning was successful the IO was ablated. After IO ablation, down-conditioning exposure continued for an average of 85 (range 56 -102) more days.
IO ablation and postablation animal care and well-being. We used a standard pharmacological ablation method to make a selective lesion of the IO: intraperitoneal (ip) injection of 3-acetylpyridine (3-AP), followed several hours later by ip injection of nicotinamide (e.g., Balaban 1985; Gasbarri et al. 2003; Llinas et al. 1975; O'Hearn and Molliver 1997; Saxon and White 2006; Seoane et al. 2005; Watanabe et al. 1997) . The dosage and interinjection parameters we adopted have been shown to confine the lesion almost entirely to the IO (Seoane et al. 2005) .
Rats were injected with 3-AP (70 mg/kg ip) followed 3.5 h later by nicotinamide (300 mg/kg ip). In the succeeding days, they were carefully watched and checked 4 -6 times/day, 7 days/wk. They showed no signs of pain or distress. In the first 24 h, exploratory behavior was attenuated. In subsequent days, they displayed postural and locomotor abnormalities similar to those seen after cerebellar nuclear ablation Wolpaw and Chen 2006 ) (e.g., splaying of the back limbs, holding the trunk close to the ground, limb rigidity, intermittent hopping locomotion, occasional oscillatory head movements). These overt abnormalities disappeared within 14 days. Rats that ate poorly in the first few days were fed manually with water-soaked rat chow and a high-calorie dietary supplement (NutriCal) until they resumed normal eating (i.e., within 5-10 days). Body weight, which decreased ϳ10% in the first week, recovered to its preablation level by 2-3 wk; every rat gained weight over the time of study. Furthermore, after the first 2-3 postablation weeks, rats appeared to walk normally, and they satisfied the background EMG requirement for H-reflex elicitation with the same daily frequency as before ablation, implying that there was no reduction in daily activity level. In light of previous reports (e.g., Denk et al. 1968; Seoane et al. 2005) we suspect that subtle locomotor deficits remained, but they were not readily apparent.
Histology. At the end of data collection, each rat received an overdose of sodium pentobarbital (ip) and was perfused intracardially with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.3). The implanted electrodes and tibial nerve were examined, and the right and left soleus muscles were weighed. Five unimplanted naive control (NC) rats with comparable body weights were similarly perfused and processed to provide control histological data.
The brain was removed and postfixed in the same fixative overnight. The area encompassing the IO and the cerebellum was blocked and washed with 0.05 M phosphate-buffered saline (PBS, pH 7.4), infiltrated with 30% sucrose for 24 h, embedded in OCT compound (Tissue-Tek), and frozen with dry ice. Transverse serial sections of IO and cerebellum were cut at 20 m and 12 m, respectively, and mounted on precoated glass slides (Superfrost; Fisher). Every fourth IO section was stained with cresyl violet, and every fifth cresyl violet-stained section was photographed with an Olympus BH2-RFCA microscope and an Olympus DF70 digital camera. In each rat, four sections from rostral to caudal [i.e., Ruigrok's level (L)20, L16, L13, and L9 (Ruigrok 2004; Ruigrok and Voogd 2000) ] were used for quantitative analysis of the IO ablation (see Chen et al. 2016 for detail) . In these sections, we counted on both right and left sides the number of IO cells with diameters of at least 10 m and obvious Nissl staining around the nucleus (i.e., putative IO neurons) (e.g., Fig. 1 , B3 and B4) in a blinded fashion (i.e., whether a given slide came from an normal rat or an IO-ablated rat was unknown to the evaluator). For each IO-ablated rat, the percentage of the IO remaining in each section was defined as [(number of IO neurons in the section)/ (average number of IO neurons in the corresponding section for the 5 NC rats)] ϫ 100.
To determine the impact of IO ablation on olivocerebellar projection fibers, cerebellar vesicular glutamate transporter 2 immunoreactivity (VGLUT2-IR) was assessed with a standard avidin-biotin complex-peroxidase system (ABC Elite; Vector Laboratories, Burlingame, CA) (Chen et al. 2016) . Every tenth cerebellar section was processed. The sections were washed with PBS containing 0.1% Triton X-100 (PBST, pH 7.4) three times (10 min each), blocked with 7% normal goat serum for 90 min, and incubated overnight with monoclonal anti-VGLUT2 antibody [Millipore, 1:1,500 dilution in PBST containing 2% bovine serum albumin (BSA)] in a humid chamber at 4°C. They were then washed again and incubated with biotinylated goat anti-mouse secondary antibody (1:200 in PBS) for 1.5 h. Endogenous peroxidase activity was quenched by 0.3% H 2 O 2 , and then the sections were reacted with the avidin-biotin complex (1:100 in PBS) for 1.5 h. Finally, the sections were reacted with 0.05% diaminobenzidine (DAB) solution containing 0.006% H 2 O 2 for 14 min for color development.
VGLUT2-IR is a selective marker for climbing fibers and their terminals in the molecular layer of cerebellar cortex (Fremeau et al. 2001; Kaneko et al. 2002) . For each rat, we quantified VGLUT2-IR in the molecular layer by analyzing every fourth VGLUT2-labeled section. Ten photomicrographs were taken from each section with an Olympus BX61 microscope and a Hamamatsu CCD digital camera (ϫ100 magnification, fixed illumination). To sample the entire cerebellar cortex, these photomicrographs were distributed randomly across its entire lateral-to-medial dimension (e.g., Fig. 1H in Chen et al. 2016) . In each photomicrograph, the density of VGLUT2-IR terminals was traced with the ImageJ program (version 1.48v) (e.g., Fig. 1, C1 and C2) in a blinded fashion (i.e., whether a given slide came from a normal rat or an IO-ablated rat was unknown to the evaluator). For each IO rat, cerebellar VGLUT2-IR was calculated in percentage of normal as [(average VGLUT2-IR density of the IO rat)/(average VGLUT2-IR density for the five NC rats)] ϫ 100 (Chen et al. 2016) .
While previous studies have shown that the IO ablation regimen does not significantly damage many other brain areas (Gasbarri et al. 2003; Llinas et al. 1975; O'Hearn and Molliver 1997; Saxon and White 2006; Seoane et al. 2005; Watanabe et al. 1997) , its potential effects on the spinal cord have not been examined. Thus, to evaluate the possible impact of the IO ablation regimen on spinal cord motoneurons, we assessed the size and number of soleus motoneurons from four randomly selected IO rats and four weight-matched NC rats. Briefly, each rat was perfused as described above. The spinal cord was removed and postfixed. The L 3 -L 6 lumbar spinal cord was blocked and washed with 0.05 M PBS (pH 7.4) and infiltrated with 30% sucrose for 24 h, then embedded in OCT compound (Tissue-Tek), and frozen with dry ice. Transverse 25-m serial sections were cut and mounted onto precoated glass slides (Superfrost; Fisher). Every seventh section was stained with cresyl violet, and every third of these sections was then photographed with an Olympus BH2-RFCA microscope equipped with an Olympus DF70 digital camera. Motoneurons in lamina IX with a diameter of at least 30 m were counted and measured with the ImageJ program by two independent blinded raters (Wang et al. 2006) . Figure 2 , top, shows representative low (Fig. 2 , top left)-and high (Fig. 2 , top right)-magnification photomicrographs of labeled motoneurons from an IO rat and an NC rat. Figure 2 , bottom, shows the average (ϮSE) number of motoneurons/section in L 3 , L 4 , L 5 , and L 6 spinal cord (Fig. 2, bottom left) and average (ϮSE) L 3 -L 6 motoneuron area (Fig. 2 , bottom right) in IO rats and NC rats. The average numbers of motoneurons in L 3 , L 4 , L 5 , and L 6 spinal cord and the average L 3 -L 6 motoneuron area in the IO rats did not differ from those in the NC rats (P Ͼ 0.15 by t-test). These results support the conclusion that the IO ablation regimen did not damage lumbar spinal motoneurons.
Data analysis. To assess the effects of IO ablation on the maintenance of H-reflex down-conditioning, a repeated-measures ANOVA was used to compare the average H-reflex size for each 10-day period after IO ablation to the average H-reflex size for the last 10 controlmode days. [For the first 10-day period after IO ablation, the average for days 3-10 after ablation was used to exclude the transient nonspecific increase in days 1-2 . 1 ] If an effect was found, Dunnett's multiple comparisons method was used to identify those 10-day periods that differed significantly from the average of the last 10 control-mode days. In addition, to compare the effects of different lesions [i.e., IO ablation, DIN ablation , CST transection ] on maintenance of H-reflex down-conditioning, a one-way ANOVA followed by an all-pairwise multiple comparison procedure (Tukey test) was used to compare their final H-reflex sizes.
RESULTS
IO ablation and its impact on climbing fibers. IO ablation was effective. In the IO-ablated rats (IO rats), IO cell counts (i.e., % of the IO remaining) averaged 36(Ϯ17 SD)% (range 1 A similar brief increase in H-reflex size also occurred in the first 1-2 days after cerebellar ablation in cats (McLeod and Van Der Meulen 1967; Van Der Meulen and Gilman 1965) , DIN ablation in naive or conditioned rats Wolpaw and Chen 2006) , or midthoracic transection of the CST, the dorsal column, the dorsal ascending tract, or the lateral column in naive or conditioned rats (Chen et al. 2001a (Chen et al. , 2001b (Chen et al. , 2003 Wolpaw 1997, 2002) . It is probably a nonspecific short-term effect of the intervention (i.e., surgery or 3-AP injection) and/or (in the case of surgery) the accompanying general anesthesia. 26 -46%) of those in NC rats (P Ͻ 0.0001 for IO vs. normal by t-test). Figure 1B illustrates the IO ablation with sections from a normal rat (Fig. 1, B1 and B3 ) and an IO rat (Fig. 1, B2 and B4). As noted in previous studies with this 3-AP lesion method (e.g., Seoane et al. 2005) [including our recent study of the impact of IO ablation on the acquisition of H-reflex downconditioning (Chen et al. 2016 )], IO cell loss was greater rostrally than caudally. Chen et al. (2016) provides areal analysis that documents this difference.
As Fig. 1C illustrates, the marked loss of IO neurons was associated with a comparable loss in climbing fiber inputs to the cerebellum. IO ablation produced widespread degeneration of VGLUT2-IR terminals in the molecular layer of cerebellar cortex. [VGLUT2-IR is a selective marker for climbing fibers and their terminals in this layer of cerebellar cortex (Fremeau et al. 2001; Kaneko et al. 2002) .] VGLUT2-IR in the molecular layer of IO rats averaged 38(Ϯ19 SD)% (range 28 -48%) of that in normal rats (P Ͻ 0.0001 IO vs. normal), and the VGLUT2-IR decrease in IO rats correlated with the decrease in IO cell counts (r ϭ 0.8, P ϭ 0.002) (i.e., Fig. 1C3 ). These results closely paralleled those reported in additional detail in Chen et al. (2016) .
Effects of IO ablation on maintenance of a down-conditioned H-reflex. In the 12 rats in which down-conditioning was successful [i.e., the final H-reflex size was Յ80% of the initial value (Chen et al. 2006b; Chen and Wolpaw 1995) ], the H-reflex decreased over the 50 days of down-conditioning, reaching 62(Ϯ2 SE)% of its initial value for days 41-50 just prior to IO ablation (P Ͻ 0.001 vs. initial by paired t-test). Figure 3A shows the average course of this H-reflex decrease and the subsequent changes after IO ablation. After the brief nonspecific rise to 82(Ϯ11)% in the first postablation day (see footnote 1), H-reflex size fell back to near its preablation value, averaging 59(Ϯ6)% for days 52-60. It then rose ϳ15% and remained stable for 30 days, averaging 76(Ϯ7)% for days 61-90. Beginning at day 90, it rose rapidly over 10 days, reaching ϳ115%, where it remained for 20 -25 days before rising further to ϳ145% for days 121-140. Statistical analysis of the entire course of H-reflex size after the beginning of down-conditioning confirmed this description. A repeated-measures ANOVA applied to the average H-reflex Fig. 3 . Effects of IO ablation on H-reflex size in down-conditioned rats and in unconditioned rats. A: : average daily H-reflex (ϮSE) (in % of initial size) for the 12 IO rats for the final 10 days in control mode and for up to 140 days of exposure to the down-conditioning mode. As shown, the IO was ablated after the first 50 days of down-conditioning. All 12 rats were then studied through day 106 (56 days after ablation); 11 were studied through day 112; and 7 were studied through day 140 (90 days after ablation). H-reflex size averaged 62(Ϯ2)% of initial value for the 10 days immediately before IO ablation (P Ͻ 0.001). It rose to ϳ75% in the next 10 days, remained there for ϳ30 days, and then over the next 10 days rose to above its initial value and remained high [140(Ϯ14)% for each rat's final 10 days of data collection (P ϭ 0.005 vs. initial)]. Background EMG amplitude and M-response size were stable throughout. OE: 5-day average H-reflex (ϮSE) size (in % of initial size) for 7 rats exposed to the control-mode before and for 50 -70 days after IO ablation. All 7 rats were followed for 50 days after ablation, and 5 were followed for 70 days. Background EMG amplitude and M-response size were stable throughout. In these unconditioned rats, IO ablation had no detectable long-term effect on H-reflex size [data from Chen et al. (2016) plus additional more recent data]. B: average daily poststimulus EMG activity from a representative IO rat for: a control-mode day; 5 days prior to IO ablation; 5 days after IO ablation; 20 days after IO ablation; and 90 days after IO ablation. The early and delayed increases following IO ablation are evident. Background EMG amplitude (i.e., the amplitude at time 0) and M-response size are stable throughout. C: average H-reflex size for days 101-110 (51-60 days after IO ablation) for each IO rat vs. the percent of IO ablated [i.e., 100 Ϫ (no. of IO neurons remaining in % of average number in NC rats)]. H-reflex size is strongly correlated with IO neuronal loss, implying that the IO plays a key role in the preservation of the H-reflex decrease produced by down-conditioning. INFERIOR OLIVE IN SKILL MAINTENANCE values of the 10-day periods from days 1-10 through days 131-140 showed significant variation from the average of the last 10 control-mode days (P Ͻ 0.001). Dunnett's multiple comparisons test indicated that the average H-reflexes for days 31-40 through days 71-80 were significantly smaller than the average control H-reflexes (P Ͻ 0.01 for each period from days 31-40 through days 61-70, P Ͻ 0.05 for days [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] and that the average H-reflexes for days 121-130 and days 131-140 were significantly larger than the average control H-reflexes (P Ͻ 0.01 for each period). Figure 3B shows average daily H-reflexes from one IO rat: in the control-mode period before down-conditioning; 5 days before IO ablation; 5 days after IO ablation; 20 days after IO ablation; and 90 days after IO ablation. These illustrate the decrease produced by down-conditioning, the loss of some of the decrease by 2 wk after ablation, and the delayed large increase that produces a final H-reflex greater than control. To evaluate the relationship between the severity of the IO ablation and the impairment of down-conditioning maintenance, we determined the correlation between the percentage of IO neurons lost and the H-reflex size for days 101-110 (i.e., 51-60 days after ablation, and the last 10-day period for which all 12 rats had data). As Fig. 3C shows, H-reflex size was strongly correlated with IO neuronal loss (i.e., r ϭ 0.75, P Ͻ 0.01). (Comparable correlations were present for the subsequent 10-day periods.) This finding implies that greater IO damage produced greater loss of down-conditioning.
For comparison with the data from down-conditioned rats, Fig. 3A also includes recent data (Chen et al. 2016 plus additional unpublished data) showing the impact of IO ablation on H-reflex size in naive unconditioned rats. It is clear that IO ablation has no long-term impact on the H-reflex in unconditioned rats; the multistage postablation increase in H-reflex size occurs only in the down-conditioned rats.
DISCUSSION
IO ablation and its possible effects on the H-reflex.
As summarized and illustrated in RESULTS and described in detail previously (Chen et al. 2016) , the regimen of 3-AP injection followed by nicotinamide destroyed most of the IO, and this loss correlated with loss of climbing fiber inputs to cerebellum. Past studies have established the IO specificity of this ablation regimen [particularly with the dosage and timing parameters used in the present study (Seoane et al. 2005) ]. Our finding that this ablation regimen does not affect spinal lumbar motoneuron number or size (Fig. 2) provides further support for its specificity. Earlier studies have also shown that the IO lesion develops quickly, in the first 24 h after AP injection (Balaban 1985; Gasbarri et al. 2003; Llinas et al. 1975; O'Hearn and Molliver 1997; Saxon and White 2006; Seoane et al. 2005; Watanabe et al. 1997) . Taken together, the results of past studies and our spinal cord histology indicate that the acceptance and interpretation of the present H-reflex data should not be significantly compromised by concerns about the severity, specificity, or rapidity of the IO ablation.
IO lesions are followed by histological and functional effects that develop gradually and appear to reflect recovery processes or other long-term changes (Aoki and Sugihara 2012; Bardin et al. 1983; Benedetti et al. 1984; Lutes et al. 1992; Rossi et al. 1991a Rossi et al. , 1991b . However, in naive (i.e., unconditioned) rats IO ablation alone [like DIN ablation alone ] has no detectable long-term effect on H-reflex size (Chen et al. 2016) . As Fig. 3A shows, the striking long-term postablation H-reflex changes reported here occur only in rats that were down-conditioned prior to IO ablation. Furthermore, given that the rats of this study continued under the downconditioning mode through the postablation period, the sequential increases in H-reflex size represent delayed losses of function rather than recovery of function. In sum, the long-term H-reflex increases that occur in down-conditioned rats are not due simply to the IO ablation alone; rather they appear to reflect the delayed deleterious impact of IO ablation on the maintenance of a decreased H-reflex.
Lesion effects on maintenance of a down-conditioned H-reflex. Transection of the dorsal ascending tract or the ipsilateral lateral column does not impair maintenance of a down-conditioned H-reflex, while CST transection or DIN ablation does do so Wolpaw 1997, 2002) . Figure 4A compares the effects of IO ablation on maintenance of downconditioning found in the present study with the effects of DIN ablation or CST transection (Chen and Wolpaw 1997 , 2005 Wolpaw and Chen 2006) . All three lesions show the transient nonspecific increase in the first 1-2 postlesion days (see footnote 1). Then, 5-10 days after CST transection or 40 -50 days after DIN or IO ablation, the H-reflex rises to significantly above its original control size, despite continued exposure to the down-conditioning mode Wolpaw and Chen 2006) . This high value remains through the end of data collection.
Statistical analysis confirmed this description. One-way ANOVA indicated that the final H-reflex values (i.e., average H-reflex size for the final 10 days of data collection after IO or DIN ablation or CST transection) did not differ for the three different lesions (P ϭ 0.73). CST transection, DIN ablation, and IO ablation had similar final effects: an H-reflex significantly larger than control [125(Ϯ8 SE)%, 130(Ϯ9)%, and 140(Ϯ14)% for CST, DIN, and IO rats, respectively, for the final 10 days of data collection]. The notable difference was that after CST transection this high value was reached within 10 days, while after DIN or IO ablation the H-reflex increased in two stages and the high value was not reached until 50 days after the lesion.
While the course of change in H-reflex size after IO ablation was similar to that after DIN ablation, it differed in one respect. Figure 4B shows the average daily H-reflex values for the days immediately before and after IO or DIN ablation. After DIN ablation, the first stage of postablation H-reflex increase occurred within 2 days. H-reflex sizes for the 10 days before and days 3-10 after DIN ablation averaged 56(Ϯ5 SE)% and 74(Ϯ5)%, respectively. This marked increase was significant (P ϭ 0.007 by paired t-test). In contrast, after IO ablation, the first stage of postablation H-reflex increase developed over ϳ10 days. H-reflex sizes for the 10 days before and days 3-10 after IO ablation averaged 62(Ϯ2)% and 58(Ϯ6)%, respectively, and did not differ significantly (P ϭ 0.4). [Days 1 and 2 after ablation were omitted from these pre/postablation comparisons because of the transient nonspecific postlesion increase (i.e., footnote 1).] The difference between the two ablations in the timing of the first stage of postablation H-reflex increase has important implications (see below).
IO ablation vs. DIN ablation.
Like DIN ablation, IO ablation has no long-term impact on H-reflex size in naive (i.e., unconditioned) rats (Fig. 3A) , and it entirely prevents acquisition of a down-conditioned H-reflex (Chen et al. 2016 ). The present results show that, like DIN ablation , IO ablation after down-conditioning leads to a twostage loss of the H-reflex decrease and a final H-reflex that is significantly larger than its initial value. The difference between the effects of the two ablations is that the first stage of the loss occurs immediately (i.e., in the first 1-2 days) after DIN ablation, while after IO ablation it develops over ϳ10 days.
The IO and DIN ablation results raise three questions. First, do their similarities confirm and extend the conclusions drawn previously from the DIN results about the role of the cerebellum in H-reflex down-conditioning Wolpaw and Chen 2006) ? Second, what insight does the difference between the effects of DIN and IO ablations provide about the role of the IO? Third, what can now be said about how a down-conditioned H-reflex is acquired and maintained?
Role of the cerebellum in H-reflex down-conditioning. Both acquisition and long-term maintenance of H-reflex down-conditioning are prevented by DIN ablation or CST transection and are not prevented by transection of other major descending pathways, including the rubrospinal, reticulospinal, and vestibulospinal tracts (Chen and Wolpaw 1997 , 2005 Wolpaw and Chen 2006) . Thus it appears that the essential cerebellar contribution is output that goes to sensorimotor cortex (SMC; the principal origin of the CST) rather than to the spinal cord. This cerebellocortical input might guide the CST activity that produces the spinal cord plasticity that is directly responsible for the smaller H-reflex. Alternatively, it might simply be needed for the normal functioning of SMC that enables it to produce the crucial CST activity.
The present finding that IO ablation prevents the long-term maintenance of down-conditioning as effectively as DIN ablation supports the hypothesis that the IO and the cerebellum guide the CST activity that changes the H-reflex. A nonspecific global effect of IO ablation on SMC function is less likely because IO ablation (like DIN ablation) had no lasting effect on animal well-being, gross motor behavior, or activity level (see METHODS). Furthermore, IO output is more distantly connected to SMC than cerebellar output, and the total loss of downconditioning after IO ablation occurs only after a long delay. These findings suggest that the impact of IO ablation on down-conditioning is not due to a nonspecific impairment of cortical function. Furthermore, the distinct difference in the effects of IO and DIN ablations on the maintenance of downconditioning suggests that cerebellar plasticity has a key role in H-reflex down-conditioning, and that this plasticity is guided and maintained by the IO.
Role of the IO in H-reflex down-conditioning.
After DIN or IO ablation, the loss of the H-reflex decrease occurs in two stages, an initial increase of ϳ15% followed much later by a greater increase that results in an H-reflex larger than its original size. Similar increases have been noted under other circumstances in both monkeys and rats (Chen et al. 2006a; Wolpaw and Chen 2006; Wolpaw and Lee 1989) . Their origins are considered in Wolpaw and Chen (2006) . They are consistent with the abundant evidence that H-reflex conditioning entails plasticity at multiple sites in the spinal cord and brain (see for review Thompson and Wolpaw 2014; Wolpaw 2010; Wolpaw and Chen 2009; ) . Considered in terms of the new skill, a modified H-reflex, these changes at multiple sites fall into three categories. "Primary plasticity" comprises the changes responsible for the H-reflex increase or decrease that was the goal of the conditioning protocol; "compensatory plasticity" comprises the changes that preserve older skills that were disturbed by the primary plasticity; and "reactive plasticity" comprises the changes caused by altered activity due to primary or compensatory plasticity (Chen et al. 2011; Wolpaw 1997 Wolpaw , 2010 Wolpaw and Lee 1989; Wolpaw and Tennissen 2001) . In the present context of H-re- Fig. 4 . A: effects of different lesions on maintenance of H-reflex downconditioning. Average H-reflex sizes (ϮSE) for each 5-day period for corticospinal tract (CST)-transected rats (n ϭ 5), DIN-ablated rats (n ϭ 8), and IO-ablated rats (n ϭ 12) for the first 50 days of down-conditioning before the lesion and for the next 50 -100 days after the lesion [CST data from ; DIN data from Wolpaw and Chen (2006) ; IO data from present study]. For the 5 days immediately after lesion, H-reflex sizes are shown for the 1st day and the 2nd day (smaller symbols) and for the next 3 days together. All 3 lesions show a transient increase in the first 1-2 days (see footnote 1). After this brief nonspecific effect dissipates, all 3 lesions result eventually in an H-reflex larger than its initial control size. The H-reflex down-conditioning mode remains in effect throughout. B: this expansion from A shows average daily H-reflex values for the IO and DIN rats for the days immediately before and after IO or DIN ablation. In the DIN rats, the first stage of the H-reflex increase occurs within the first 2 days after DIN ablation; in the IO rats, it develops over the initial 10 days after IO ablation. [The brief nonspecific increase in the first 1-2 postablation days is evident for both ablations (footnote 1).] flex down-conditioning, the initial postablation increase is not adaptive; it detracts from the conditioned decrease in the H-reflex and thereby makes reward less likely. Thus it is likely to reflect either compensatory or reactive plasticity that is revealed by the ablation.
In rats that are down-conditioned prior to DIN or IO ablation, the initial increase appears immediately or soon after the ablation, respectively. It then coexists with the large H-reflex decrease produced by down-conditioning until that decrease disappears 40 -50 days after the ablation. From then on, the initial increase is evident as an increase above the original H-reflex size. The fact that the initial increase appears immediately after DIN ablation implies that cerebellar output was suppressing it previously . The present finding that the increase occurred over ϳ10 days after IO ablation suggests that its suppression depended on cerebellar cortical (and/or nuclear) plasticity that was being maintained by IO input.
Two other models of motor learning, vestibuloocular reflex conditioning and eyeblink conditioning, are thought to involve cerebellar plasticity caused by the conjunction of activity in specific mossy and climbing fibers (Boyden et al. 2004; Cheron et al. 2013; Freeman and Steinmetz 2011; Ito 1982; Longley and Yeo 2014; Mauk et al. 2014; Schonewille et al. 2011; Thompson 2005; Welsh et al. 2005 ). The climbing fibers, which originate in the IO, are hypothesized to provide a teaching signal.
A comparable conjunction could underlie H-reflex conditioning. The mossy fibers might convey efference-copy activity reflecting current CST influence over the H-reflex pathway (Leergaard et al. 2006; Ruigrok et al. 2015; Suzuki et al. 2012) . The climbing fibers might indicate whether a reward occurs (e.g., whether the IO receives input caused by the click of the pellet dispenser or the consumption of the food pellet) (see Ruigrok et al. 2015 for review of IO inputs). The cerebellar output to SMC resulting from this conjunction could increase the probability of CST activity that decreases the H-reflex, and thus increases the probability of reward. By providing evidence for cerebellar plasticity, the difference between DIN ablation and IO ablation in the rate of the initial postablation H-reflex increase supports this possibility.
In addition to their role in suppressing the H-reflex increase, the IO and cerebellum appear to be essential for creation and long-term survival of the H-reflex decrease that is the goal of down-conditioning. This is the decrease that disappears 40 -50 days after IO or DIN ablation. The long delay implies that the decrease reflects SMC (or closely related) plasticity that produces the essential CST activity and can survive for ϳ6 wk after DIN or IO ablation abolishes the cerebellar influence that induces and maintains it. The evidence that cerebellar plasticity suppresses the H-reflex increase (i.e., Fig. 4B ) suggests that cerebellar plasticity is also responsible for induction and maintenance of the SMC plasticity underlying the H-reflex decrease. If this is correct, the delay prior to loss of the H-reflex decrease should be 5-10 days longer after IO ablation than after DIN ablation (i.e., because the loss of the crucial cerebellar input to SMC, which occurs immediately after DIN ablation, should not occur until 5-10 days after IO ablation when the cerebellar plasticity that had been maintained by the IO disappears). The present data (i.e., days 90 -140 in Fig. 4A ) do suggest that the loss takes longer after IO ablation; however, more data are needed to settle this issue. Finally, the key role of the IO in downconditioning is further indicated by the strong positive correlation between IO neuronal loss and loss of a smaller H-reflex (Fig. 3C) . Confirmation of the hypothesis that mossy and climbing fiber inputs combine to produce cerebellar plasticity that underlies H-reflex down-conditioning will entail characterization of these inputs, description of the resulting plasticity, and demonstration that the inputs and the plasticity are necessary and sufficient for reducing the H-reflex.
Multisite plasticity underlying H-reflex down-conditioning. The plasticity directly responsible for the smaller H-reflex is largely in the spinal cord. It is thought to include a positive shift in motoneuron firing threshold that may reflect a change in sodium channels in the motoneuron membrane produced by metabotropic input to the motoneuron from GABAergic interneurons in the ventral horn that receive the essential CST input (Carp et al. 2001; Carp and Wolpaw 1994; Halter et al. 1995; Pillai et al. 2008; Wang et al. 2006 Wang et al. , 2009 . The impact of CST transection on a down-conditioned H-reflex implies that this spinal cord plasticity survives only 5-10 days without the CST input Wolpaw 1997, 2002) . The delayed Fig. 5 . Present knowledge of the multisite brain and spinal cord plasticity underlying H-reflex conditioning. Shaded ovals indicate the spinal and supraspinal sites of definite or probable plasticity associated with operant conditioning of the spinal stretch reflex (SSR) or its electrical analog, the H-reflex. MN, the motoneuron; CST, the main corticospinal tract; IN, a spinal interneuron; GABA IN, a GABAergic spinal interneuron. Open synaptic terminals are excitatory, solid ones are inhibitory, half-open ones could be either, and the subdivided one is a cluster of C terminals. Dashed pathways imply the possibility of intervening spinal interneurons. The monosynaptic and probably oligosynaptic SSR/H-reflex pathway from Ia and Ib afferents to the motoneuron is shown. Definite (red shading) or probable (pink shading) sites of plasticity include: the motoneuron membrane (i.e., firing threshold and axonal conduction velocity); motor unit properties; GABAergic interneurons in the ventral horn; GABAergic inhibitory terminals, C terminals, and Ia afferent terminals on the motoneuron; terminals conveying disynaptic group I inhibition or excitation to the motoneuron; sensorimotor cortex (SMC); and cerebellum. The essential roles of the corticospinal tract (which originates largely in SMC), cerebellar and basal ganglia output to cortex, and inferior olive input to cerebellum are indicated. The spinal cord plasticity that is directly responsible for H-reflex conditioning appears to be induced and maintained by cortical plasticity that may depend for its long-term survival on cerebellar plasticity that in turn depends for its survival on input from the inferior olive (see text). [Updated from Wolpaw (2010) with permission.] impact of DIN or IO ablation implies that the CST input depends on SMC (or closely related) plasticity that survives 40 -50 days without cerebellar influence.
Cerebellar-cerebral interactions help to guide the activitydependent SMC plasticity underlying the acquisition of new behaviors. For example, the cerebellum is likely to play a key role in intrinsic rehearsal of new learning and in regulating adaptive changes in cortical excitability (Andre and Arrogi 2003; Garrido et al. 2013; Houk 1997; Luft et al. 2005; Middleton and Strick 1998; Molinari et al. 2002; Schmahmann and Pandyat 1997) . The impact of IO ablation described in the present study implies that the SMC plasticity responsible for the critical CST output depends on the IO and the cerebellum for its long-term survival, and it suggests that part (at least) of the total H-reflex decrease (i.e., the decrease present before CST, DIN, or IO ablation) depends on cerebellar plasticity that survives only ϳ10 days without the IO.
In down-conditioned rats, CST transection, DIN ablation, and IO ablation all lead to the same final result: an H-reflex larger than its initial value (i.e., Fig. 4A ). The different time courses by which each lesion produces this final result suggest that H-reflex down-conditioning depends on a hierarchy of brain and spinal cord plasticity. This hierarchy may begin with the conjunction in the cerebellum of a reward signal from the IO with a copy of the CST activity that influences H-reflex size. The conjunction may establish plasticity in cerebellum and SMC that establishes and maintains the spinal cord plasticity that is directly responsible for the smaller H-reflex. The final postlesion increase above the initial H-reflex size suggests additional spinal or supraspinal plasticity that serves to preserve previously acquired behaviors (i.e., compensatory plasticity) (Chen et al. 2011; Wolpaw 2010; Wolpaw and Lee 1989; Wolpaw and Tennissen 2001) . When the hierarchy is intact, the effect of this additional plasticity on the H-reflex is not apparent. It becomes apparent only when the hierarchy is disrupted [e.g., by IO ablation (present study), DIN ablation , CST transection , or complete spinal cord transection (Wolpaw and Lee 1989) ]. Figure 5 summarizes the sites of definite or probable plasticity in the brain and spinal cord associated with H-reflex conditioning. The present results combine with previous data to suggest that the IO guides H-reflex change by inducing and maintaining cerebellar plasticity that induces and maintains cortical plasticity that induces and maintains CST activity that induces and maintains the spinal cord plasticity that is directly responsible for the smaller H-reflex. Thus they further define the hierarchy of plasticity that appears to underlie this simple learning , and they extend it back toward its origin in the reward contingency imposed by the operant conditioning protocol. Comparable hierarchies may underlie other motor learning.
